Maraging steels with 18wt%Ni and 10wt%Co are precipitation hardenable steels selected for special applications. These steels are quenched and aged in the 480 -600 o C range. Ti and Mo are added to precipitate during aging as fine Ni 3 (Ti,Mo) and Fe 2 Mo particles. Aging at high temperatures causes overaging due to coarsening of particles and austenite formation. SAE 4340 is a typical low alloy medium carbon steel for quenching and tempering. The best combination of mechanical properties is attained by quenching and tempering in the 650 -670 o C range. These two steels are selected for services where an optimum combination of mechanical strength, toughness and fatigue resistance is required. In this work, the austenitizing temperature in the quenching treatment was varied in order to evaluate the effects on microstructure and mechanical properties of both steels. The results showed that the effect of previous austenite grain size on the toughness was different in the two steels analyzed.
Introduction
The influence of grain size on the mechanical properties of metallic materials, specifically in steels, has been extensively studied over the years. It is well known the strengthening effect (Hall Petch relation) and the increase of toughness by grain refinement 1 . The grain size of quenched and tempered (Q&T) steels is that of the previous austenite phase. This grain size is function of the austenitization temperature and time [2] [3] [4] . In Q&T low alloy steels, such as SAE 4340, 4140, 8640 and others, the austenitizing temperature range for commercial heat treatments must be high enough to homogenize the austenite, but low enough to avoid the austenite grain coarsening. Excessively coarse previous austenite grain size may promote intergranular quenching cracks in this family of steels 5 . Other effect of the coarse austenite grain size in low alloy Q&T steels is the increase of retained austenite, as observed in SAE 4340 steel 3 . Maraging steels are solution treated (or quenched) and aged in temperatures in the range of 450 o C to 650 o C depending on the microstructure and properties desired for the final product [6] [7] . The low carbon martensite produced by solution treatment is soft and has high toughness. The aging reactions produce a strong strengthening attributed to the precipitation of fine Ni 3 (Ti,Mo) and Fe 2 Mo particles [7] [8] . The peak of hardness is attained with aging temperatures around 480 o C. Aging at high temperatures, above 500 o C, causes coarsening of particles and austenite formation, which make the hardness decrease (overaging).
Maraging 300 and 350 steels may be substitutes for Q&T SAE 4340 steel, and virse-versa 9 . In the present work, the effect of austenitizing temperature on the microstructure and mechanical properties of a maraging steel class 300 and a low alloy medium carbon steel SAE 4340 were studied and compared.
Materials and experimental methods
The chemical compositions of a class 300 maraging steel and a SAE 4340 low alloy steel are shown in Table 1 . Maraging was from a 11 mm plate cut from a forged cylinder with 250 mm of diameter, and the SAE 4340 steel was from hot rolled and normalized bar with 16 mm of diameter.
The maraging plate was cut and machined for approximate dimensions of Charpy specimens (57 x 11 x 11 mm 3 ) and tensile specimens. These specimens were heat treated by solution SAE 4340 steel was also cut and machined to approximate dimensions of Charpy and tensile specimens before heat treatments. The specimens were then quenched and tempered or double tempered, as defined in Table 3 . Two austenitizing temperatures were tested (860 o C and 1060 o C) in order to obtain different previous austenite grain sizes.
After the heat treatments, the Charpy specimens were machined to the final dimensions (55 x 10 x 10 mm 3 ) with V-notch. The tensile specimens were grinded with emery paper grit 400 and 600 to remove oxidation layer.
The austenitic grain sizes of both the quenched SAE 4340 and the solution treated maraging 300 steels were measured by quantitative metallography with specimens mechanically polished and etched. The etching for SAE 4340 steel was a solution with 100ml H 2 O, 4g of picric acid and 4g of FeCl 3 . This etching is applied with cotton, alternating the application of detergent with glycerin and the etching solution for 3 Magnetic measurements in a Vibrating Sample Magnetometer (VSM) were performed to detect and quantify austenite in the various heat treatment conditions. Specimens with the geometry of small discs of 3.0 mm of diameter were used to obtain the magnetization curve M versus H, were M is the magnetization and H is the magnetic field applied to the sample. The magnetization saturation (m s ) was determined by extrapolation of the magnetization x 1/H for 1/H → 0, as shown in Figure 1 . The austenite volume fractions were calculated using the linear relations:
where C M and Cγ are the volume fractions of martensite and austenite respectively; m s is the magnetization saturation of the specimen; and m s(i) is the magnetization saturation of a specimen with 100% of martensite, which was produced by quenching and low temperature tempering (SAE 4340) or aging (maraging). For this reason, specimens of SAE 4340 quenched at 860 o C and tempered in the 200-500 o C and specimens of maraging steel solution treated and aged at 300 o C and 400 o C were specially produced to be tested in the VSM and determinate the m S(i) for each material.
Tensile tests and Charpy impact tests with V-notched specimens were performed at room temperature. Fracture surfaces were observed in the scanning electron microscope after the Charpy tests. Three specimens per heat treatment condition were tensile tested and impact tested. The average values will be presented. Low alloy martensite, also known as massive or lath martensite, is characterized by packets, while high alloy martensite is acicular, with plates. In the case of SAE 4340 a mixed structure is expected. Comparing Figures 2(a) and 2(b), it can be inferred that the increase of the austenitic grain size favors the acicular morphology of the martensite. Table 4 shows the hardness, the magnetic results and the amount of retained austenite in as quenched SAE 4340 steel. The m S(i) value adopted was 219.2 emu/g, which corresponds to the specimen quenched at 860 o C and tempered at 400 o C. The increase of austenitic grain size increases the retained austenite volume fraction. Also, the hardness decreases with the increase of retained austenite. tempered also increased the impact energy. Table 7 shows the magnetic results and the quantification of austenite in maraging steel. The low temperature aging did not increase the m S , which suggests that the solution treated specimens did not contain retained austenite, or its volume fraction was insignificant, for both solution treatment temperatures. The m S(i) was that of specimen solution treated at 820 o C (FG), 191.1 emu/g, which is very close to the m S of the specimen CG (1150 o C). Differently from the low alloy SAE 4340, the increase of the austenite grain size did not increase the volume fraction of retained austenite in the solution treated specimens.
Results and discussion

Steel SAE4340
Austenite phase appears when maraging steels are aged at high temperatures, typically above 500 o C 8 . Specimens aged at 600 o C show volume fractions of the so called reverse austenite increasing with aging time. However, from the comparison of specimens FG-600-1 and CG-600-1 in table 7, it seems clear that the lower the austenitic grain size the higher is the initial kinetics of reverse austenite precipitation. Specimens aged at 600 o C for 4 h show similar amounts of austenite. Table 8 shows the tensile properties and hardness, while Table 9 exhibits the impact Charpy results of maraging steel. Differently from the SAE 4340 low alloy steel, the higher toughness in the maraging 300 steel is obtained in the as-quenched condition, and that of coarse grained material was superior to the fine grained steel. The impact toughness increased from 80 J to 145 J with the increase of austenitic grain size from 58.4 ± 1.8 µm (ASTM 5.0) to 247.9 ± 0.5 µm (ASTM 0.7).
When the maraging steel is aged to the peak of hardness (480 o C-3h) the toughness was very low. Furthermore, the aging at 600 o C for 1h also produced a very brittle microstructure, and, the increase of aging time to 4 h, which increased the austenite content, caused a further decrease of toughness in CG and FG. It can be concluded that, under the conditions established in this work, reverse austenite does not improve the toughness of maraging 300 steel.
The grain coarse material presents both lower hardness and mechanical strength when aged at 480 o C. As a consequence, the properties of maraging 300 (UTS ≥ 2094 MPa) are achieved only in the fine grained material.
Other works have investigated the effect of grain size on mechanical properties of maraging 18%Ni steels [11] [12] [13] . Saul et al. 11 observed the increase of room temperature tensile strength with grain refinement of austenite, in agreement to results presented here. Also, Sinha et al. 12 observed the increase of fracture toughness of solution treated specimens with the increase of austenitizing temperature and, consequently, austenitic grain size. On the other hand, Rack 13 reported that the prior austenite grain size did not affect the fracture toughness of unaged 18Ni maraging steel.
Figures 7(a), (b) and (c) show the surface fractures of specimens CG, CG-480-3 and CG-600-4. Solution treated specimen (CG) has large microvoids (dimples), while the brittle fractures of maraging 300 CG-480-3 and CG-600-4 are manly characterized by very small dimples. Portions of cleavage or quasi-cleavage were rarely observed in these brittle fractures. The decrease of dimples size indicates embrittlement. Hilders and Santana 14 proposed an inverse relation between the fracture toughness and the square root of the average dimple diameter.
Comparison between SAE 4340 and maraging 300 steel
The maximum hardness and mechanical resistance of SAE4340 is obtained in the as-quenched condition, but the Maraging steels show a typical inverse relation between toughness and mechanical resistance. The increase of strength level promotes the decrease of impact toughness, as shown in Figure 8 constructed with the data reported in by the Nickel Development Institute 16 . However, in the as solution treated condition maraging steels have excellent toughness with hardness and tensile properties comparable to SAE 4340 quenched and tempered or double tempered at 650 o C. Fig. 9 compares the engineering tensile curves of maraging 300 CG and SAE 4340 Q860-DT650, respectively. Table 10 compares the mechanical properties of the two steels (maraging 300 and SAE 4340) in the conditions in which they show higher toughness. Analyzing the options of Table 10 , 18Ni maraging steel solution treated with high austenitizing temperature shows the best mechanical properties, although SAE 4340 has higher uniform elongation than maraging CG steel.
Summary and conclusions
A comparison between a maraging steel 18%Ni-10%Co class 300 and a SAE 4340 steel considering different heat treatment conditions in each steel was conducted in this work. • The increase of the previous austenitic grain size ASTM 5.0 to ASTM 0.7 by raising the solution treatment temperature from 820 o C to 1150 o C increased the toughness of maraging steel in the un-aged (solution treated) condition. However, in the SAE 4340 steel the opposite and more expected behavior was observed, i.e. the reduction of the previous austenite grain size from ASMT 9.0 to ASTM 10.5 improved the toughness of quenched as well as quenched and tempered specimens.
• After aging at 480 o C/3h or 600 o C/1h and 4h the maraging steel becomes brittle, with little difference between the specimens with coarse and fine previous austenitic grain.
• The properties of maraging 300 (σ UTS ≥ 2094 MPa) were achieved in the material solution treated at 820 o C (fine austenitic grain), but not in the material solution treated at 1150 o C (coarse austenitic grain), i.e., the refinement of the austenite grain promoted some strengthening of the martensite aged and un-aged.
• Despite of the reverse austenite formation on aging 18Ni maraging steel at 600 o C for 1h and 4h, and the decrease of hardness, the Charpy impact toughness was as low as that of material aged at 480 o C to the peak of hardness. This result suggests that reverse austenite does not improve the toughness of 18Ni maraging steels.
• The brittle fracture surface of maraging steel specimens solution treated and aged at 480 o C for 3h was characterized by dimples much smaller than the un-aged specimen. Similar behavior was observed in the specimens aged at 600 o C for 4 h. The surface of fracture of quenched SAE 4340 steel has an aspect of quasi-cleavage, while the specimen quenched and tempered at 650 o C shows ductile fracture with dimples nucleated at nonmetallic inclusions.
• The increase of the austenitic grain size increased the amount of retained austenite in SAE 4340. In 18Ni maraging steel, the increase of grain size did not cause the retention of austenite in solution treatment. On the other hand, the initial kinetics of austenite formation at 600 o C was higher in the specimen with finer austenitic grain.
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